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Understanding the nature of the Dark Matter (DM) is one of the current challenges in modern
astrophysics and cosmology. Knowing the properties of the DM particle would shed light on physics
beyond the Standard Model and even provide us with details of the early Universe. In fact, the
detection of such a relic would bring us information from the pre-Big Bang Nucleosynthesis (BBN)
period, an epoch from which we have no direct data, and could even hint at inflation physics. In
this work, we assume that the expansion rate of the Universe after inflation is governed by the
kinetic energy of a scalar field φ, in the so-called “kination” model. Adding to previous work on
the subject, we assume that the φ field decays into both radiation and DM particles, which we take
to be Weakly Interacting Massive Particles (WIMPs). The present abundance of WIMPs is then
fixed during the kination period through either a thermal “freeze-out” or “freeze-in” mechanism,
or through a non-thermal process governed by the decay of φ. We explore the parameter space
of this theory with the requirement that the present WIMP abundance provides the correct relic
budget. Requiring that BBN occurs during the standard cosmological scenario sets a limit on the
temperature at which the kination period ends. Using this limit and assuming the WIMP has a
mass mχ = 100 GeV, we obtain that the thermally-averaged WIMP annihilation cross section has
to satisfy the constraints 4 × 10−16 GeV−2 . 〈σv〉 . 2 × 10−5 GeV−2 in order for having at least
one of the production mechanism to yield the observed amount of DM. This result shows how the
properties of the WIMP particle, if ever measured, can yield information on the pre-BBN content
of the Universe.
I. INTRODUCTION
The existence of a Dark Matter (DM) component
in the Universe has long been established [1, 2], with
a Weakly Interacting Massive Particle (WIMP) being
among the best motivated particle candidates [3, 4].
In the simplest scenario of the early Universe, WIMPs
of mass mχ interact with the Standard Model (SM)
particles at a sufficiently high rate so that the chem-
ical equilibrium is attained. Owing to the expansion
rate of the Universe, when the temperature falls be-
low Tf.o. ≈ mχ/20 WIMPs chemically decouple from
the plasma and “freeze-out” of the equilibrium distribu-
tion [5–12]. After freeze-out, the number of WIMPs in
a comoving volume is fixed and the WIMP relic abun-
dance is preserved to present day, assuming that there
is no subsequent change in the entropy of the matter-
radiation fluid. Coincidentally, the thermally-averaged
WIMP annihilation cross section needed to explain the
observed DM is of the same order of magnitude as that
obtained for a process mediated by weakly interactions.
For a WIMP of mass mχ = 100 GeV, the annihilation
cross section that provides the observed amount of DM
satisfies 〈σv〉std ≈ 2 × 10−9 GeV−2. WIMPs continue to
exchange momentum through elastic collisions with the
plasma even after chemical decoupling, until this second
mechanism also becomes inefficient and WIMPs decouple
kinetically at a temperature Tkd. Typically, Tkd ranges
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between 10 MeV and a few GeV [13].
Even when considering this thermal production in
the standard cosmological scenario, many caveats al-
low to alter the predicted relic density. Besides co-
annihilation [14, 15], annihilation into forbidden chan-
nels [14, 16, 17], a momentum- or spin-dependent cross
section [18–20], or Sommerfeld enhancement [21–27], one
possibility is that the annihilation cross section into the
SM sector is so low that WIMPs never reach thermal
equilibrium, effectively “freezing-in” to the present relic
density, see for example Refs. [28–30].
WIMPs might also be produced non-thermally,
through the decay of a parent particle φ [31], whose puta-
tive existence is motivated by the post-inflation reheating
scenario. In facts, assume an early stage of inflation at
an energy scale HI driven by one massive scalar field ρ
(the inflaton), of mass mρ. When slow-roll is violated,
around mρ ∼ HI , inflation ends and the inflaton field
reheats the Universe by decaying into lighter degrees of
freedom [32, 33]. We are not entering the details of the
reheating mechanism here. In the standard picture, a
radiation-dominated period begins as soon as the infla-
ton field has decayed and reheated the Universe.
In some reheating models the inflaton might also decay
into one or more additional hypothetical fields, say for
example a field φ of mass mφ which comes to dominate
the post-inflation stage. The inclusion of a non-standard
cosmology between the reheating epoch right after in-
flation and the standard radiation-dominated scenario is
motivated in realistic models of inflation, and might sen-
sibly alter the WIMP relic density. A non-standard pe-
riod might have lasted for a considerable amount of time,
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2namely since the end of inflation down to a tempera-
ture which, using considerations on the Big Bang Nucle-
osynthesis (BBN) mechanism [34–38], can be as low as
∼ 5 MeV. In these modified cosmologies, various proper-
ties of the WIMPs like their free-streaming velocity and
the temperature at which the kinetic decoupling occurs
have been investigated [39–42].
In the Low Reheat Temperature Scenario (LRTS) [43–
46], φ is a massive modulus which drives an early matter-
dominated epoch, eventually decaying into Standard
Model particles and, possibly, WIMPs. In the pre-BBN
LRTS, the thermal (both freeze-out and freeze-in) and
non-thermal production of WIMPs have both been ex-
tensively studied [39, 47–63].
In the Kination Scenario (KS) [64–69], φ is a “fast-
rolling” field whose kinetic energy governs the expansion
rate of the post-inflation Universe, with an equation of
state relating the pressure pφ and energy density ρφ of
the fluid as pφ = ρφ. Owing to the scaling of the en-
ergy density in radiation with the scale factor ρR ∼ a−4,
which is slower than the scaling of the energy density in
the φ field ρφ ∼ a−6, the contribution from the radiation
energy density in determining the expansion rate eventu-
ally becomes more important than that from the φ field.
When the φ field redshifts away, the standard radiation-
dominated cosmology takes place. Since the scalar field
φ dominates the expansion rate for some period, KS dif-
fers from the superWIMP model of Refs. [70, 71]. Ther-
mal production of WIMPs in the KS has been discussed
in Refs. [68, 72–76], and has recently been investigated
in Ref. [77], in light of recent data. Ref. [78] discussed
the “relentless” thermal freeze-out in models where the
φ field has a pressure pφ > ρφ/3, thus including KS as an
important sub-case. Ref. [79] discusses an intermediate
model between LRTS and KS, in which a sub-dominant
massive scalar field reheats the Universe during a kina-
tion period governed by an additional field.
In this paper, in addition to the thermal mechanisms
of production recently discussed in Refs. [77, 78], we as-
sume that the φ field driving kination might decay into
both radiation and WIMPs, with a decay rate Γφ and
a branching ratio into WIMPs equal to b. Contrarily to
previous KS models, kination ends when Γφ is equal to
the expansion rate of the Universe, so when the φ field
has decayed instead of being redshifted away. WIMP
production proceeds by assuming that, before the Uni-
verse gets to be dominated by radiation at a tempera-
ture Tkin & 5 MeV, the KS occurs. In the following, the
subscript “kin” labels a quantity evaluated at Tkin. We
consider the thermal freeze-out and freeze-in mechanisms
of WIMP production, governed by the thermal-averaged
annihilation cross section times velocity 〈σv〉. We also
include the non-thermal WIMP production from the de-
cay of the φ field. We check that the WIMP population
is always under-abundant with respect to other forms
of energy. In summary, we show that in the model the
present WIMP relic abundance can be reached through
four different methods, namely the thermal (b = 0) or
non-thermal (b 6= 0) production, either with or with-
out ever reaching chemical equilibrium, as occurs in the
LRTS [53, 54].
II. BOLTZMANN EQUATIONS FOR THE
MODEL
Energy conservation in an expanding homogeneous
and isotropic universe is expressed as
ρ˙T + 3H(pT + ρT ) = 0, (1)
where ρT and pT are the total energy density and pres-
sure of the contents, and H is the Hubble expansion rate.
We express the total energy density and pressure as a sum
of three components, respectively describing the contents
in the φ field, radiation, and the WIMPs. We model the
evolution of these components by a set of coupled Boltz-
mann equations [47–50]
ρ˙φ + 3H(pφ + ρφ)=−Γφρφ, (2)
ρ˙R+3H(pR + ρR)= (1− b)Γφρφ + 〈σv〉
χ
(
ρ2χ − ρ2EQ
)
,(3)
ρ˙χ + 3H (1 + w) ρχ=bΓφ ρφ − 〈σv〉
χ
(
ρ2χ − ρ2EQ
)
. (4)
Here, the equation of state relating the energy density
and the pressure of the φ field is given by ρφ = pφ, and
translates into the term 3H(pφ + ρφ) = 6Hρφ in Eq. (2).
The energy density and pressure in radiation are ρR and
pR = ρR/3. At any time, the temperature T is defined
through the energy density in the relativistic component
as ρR = αT
4, with α = pi2g∗(T )/30 and where g∗(T )
is the number of relativistic degrees of freedom. The
WIMP number density nχ is related to its energy den-
sity through ρχ = χnχ, with the mean energy density
per particle χ =
√
m2χ + (c1T )
2 and where we obtain
c1 = 3.151 through a numerical fit, confirming the re-
sults in Ref. [77]. The quantity w = pχ/ρχ ≈ c2T/χ,
where c2 = c1/3, tracks the change in the WIMP equa-
tion of state, so that w = 0 for T  mχ and w = 1/3
for T  mχ. In the standard scenario, WIMPs reach
thermal equilibrium and are relativistic as long as tem-
perature is higher than mχ. Once temperature drops
below their mass, the number density of WIMPs gets
Boltzmann suppressed and eventually the number den-
sity in a comoving volume is fixed once the decoupling
from the thermal bath occurs. This scenario might still
hold when WIMPs are produced from the decay of the φ
field, depending on the values of the parameters b, 〈σv〉,
mχ. However, other scenarios in which WIMPs never
reach thermal equilibrium are also possible. In the fol-
lowing, we assume that the number density of WIMPs
is fixed prior Tkin and that WIMPs can be treated as
non-relativistic, so Tkin . mχ for which we set w = 0
in Eq. (4). The energy density of WIMPs at chemical
3equilibrium is
ρEQ =
g
(2pi)3
∫
E f(p)d3p =
g
2pi2
∫ +∞
mχ
√
E2 −m2χ
eE/T + 1
E2dE,
(5)
where g is the number of WIMPs degrees of freedom. The
set of Eqs. (2)-(4) is closed when solved together with the
Friedmann equation
H2 =
8pi
3M2Pl
(ρφ + ρR + χnχ) , (6)
where MPl is the Planck mass. At early times t 1/Γφ,
the Boltzmann Eq. (2) and the Friedmann Eq. (6) predict
that, during KS, the energy density of the φ field and time
scale as ρφ ∼ a−6 and t ∼ a3, respectively. Contrarily to
what found in kination models with negligible decay rate,
for which a ∼ 1/T [66–69], in the model we study temper-
ature depends on the scale factor as T ∝ ρ1/8φ ∝ a−3/4. In
more details, even in the simplest case in which WIMPs
are in chemical equilibrium, Eq. (3) can be reformulated
as a differential equation describing the evolution of the
entropy per comoving volume s = (pR + ρR)/T , as
ds
dt
+ 3Hs = (1− b)Γφ
T
ρφ. (7)
As a consequence, entropy is not conserved in the model
we consider because of the appearance of the dissipative
term on the right hand side in Eq. (7), coming from the
decay of the φ field. We later confirm the dependence of
temperature on the scale factor T ∝ a−3/4 by numerically
solving the set of the Boltzmann equations, see Fig. 1
below. Notice that entropy conservation is not attained
in Eq. (7) regardless of the details of the evolution of ρφ.
We switch to the independent coordinates x = mφa
and τ = Γφt, while we write the dependent quantities in
terms of the fields
Φ=Ax6ρφ/mφ, R=Ax
4ρR/mφ, X=Ax
3(1+w)ρχ/mφ.
(8)
Setting Y = Φ+x2R+x3(1−w)X and fixing the constant
A through the Friedmann equation,
H = 1
x
dx
dτ
=
H
Γφ
=
√
Y
x3
, (9)
we obtain that Eq. (6) is recovered when
A =
8pimφ
3M2PlΓ
2
φ
≡ mφ
ρkin
, (10)
where ρkin = ρR(Tkin) is the energy density of the φ
field at the temperature Tkin which, in the instantaneous
thermalization approximation, is given by Γφ = H(Tkin).
With this definition, we rewrite the system of Eqs. (2)-(4)
as √
Y Φ′ = −x2Φ, (11)√
Y R′ = (1− b)Φ + s (X2 −X2EQ) , (12)
x
√
Y X ′ = bΦ− s (X2 −X2EQ) , (13)
where s = ρkin〈σv〉/Γφχ. This dimensionless form of
the system can be easily extended to cosmologies other
than KS. We assume that the relativistic species is always
at equilibrium, so that temperature is related to R as
T = TkinR
1/4/x. At chemical equilibrium, the quantity
XEQ = x
3ρEQ/ρkin is
XEQ ≈ x
3
ρkin
mχ nEQ, (14)
nEQ = g
(
mχ T
2pi
)3/2
e−mχ/T , (15)
where the approximation has been obtained in the non-
relativistic limit T  mχ. The set of Eqs. (11)-(15)
possesses a scaling symmetry,
x→ βx, Φ→ β6Φ R→ β4R X → β3(1+w)X,
(16)
for any value of β, thanks to which the solution to the
set of Boltzmann equations is independent on choice of
the initial value Φ(xI) = ΦI at x = xI [48, 49]. We fix
the initial condition by requiring that the Hubble rate
at x = xI be HI =
√
8piρI/3M2Pl, where ρI is the value
of the energy density in the inflaton field at the inflation
scale. Indeed, assuming that ρR(xI) ρφ(xI) ≡ ρI gives
Φ(x) = ΦI ≡ ρI
ρkin
x6I , R(x) =
√
ΦI (x− xI) . (17)
Thanks to this property, the actual value of the mass of
the kination field mφ does not have an impact on the
solution of the equations, since mφ enters the set of the
Boltzmann equations only as an initial condition fixing
the initial value of the Hubble rate. However, a value
of mφ & m2χ/T would be problematic for the cosmol-
ogy at temperature T , since the relativistic byproducts
would scatter off the thermal background and distort the
relativistic spectra [57, 80]. The parameter space consid-
ered in this article is then Tkin < mχ  mφ . m2χ/Tkin.
Since the energy density ρφ during φ-domination satis-
fies ρφ ∼ a−6, the transition to the standard radiation-
dominated scenario occurs when
ρφ,I
(
xI
xkin
)6
= ρkin ≡ αT 4kin. (18)
Given the value of Tkin, Eq. (18) defines the moment at
which the φ field decays. For the illustrative purpose,
we solve Eqs. (11) and (12) for Tkin = 0.1 GeV, fixing
the masses mχ = 100 GeV and assuming that we can
safely neglect the contribution of WIMPs to the total
energy density. We have plot Φ (blue solid line) and R
(red dashed line) in units of ΦI , as well as the temper-
ature T/TI (black dot-dashed line). The behavior of Φ
confirms the scaling ρφ ∼ a−6 and ρR ∼ a−3 at early
times x < xkin, while for x > xkin we obtain the scal-
ing ρR ∼ a−4 for a radiation-dominated cosmology. The
dashed vertical line marks the value of xkin solution to
Eq. (18).
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FIG. 1. The quantities Φ and R, defined in Eq. (8) and related
to ρφ and ρR respectively, in units of the initial value ΦI . The
vertical dashed line marks the moment at which the transition
to the standard scenario occurs, according to Eq. (18). The
green dot-dashed line shows the temperature T (x), in units
of its initial value T (xI).
III. PRODUCTION OF WIMPS DURING
KINATION
With the framework presented in the previous Section,
we solve the set of Boltzmann Eqs. (11)-(13) for differ-
ent values of Tkin, to obtain the WIMP relic abundance
nχ,fix ≡ nχ(Tfix) at some temperature Tfix at which the
number density of WIMPs in a comoving volume is sub-
sequently fixed by the cosmology. The present WIMP
energy density in units of the critical density ρc is then
Ωχ =
ρkin
ρc
gS(T0)
gS(Tfix)
(
T0
Tfix
)3
Xfix√
ΦI
, (19)
where Xfix = x
3
fixmχnχ,fix/ρkin, T0 is the present temper-
ature of the radiation bath and gS(T ) is the number of
entropy degrees of freedom at temperature T .
We show different values of the abundance Ωχh
2 in
Fig. 2, as a function of the temperature Tkin, the annihi-
lation cross section 〈σv〉, and the branching ratio b. We
have used three different values for the branching ratio:
b = 0 (red dot-dashed line), b = 0.001 (blue solid line),
and b = 1 (green dashed line), as well as five different
values of 〈σv〉 ranging from 103〈σv〉std to 10−9〈σv〉std,
where the value 〈σv〉 = 〈σv〉std gives the correct amount
of WIMP dark matter from the freeze-out process in the
standard cosmological scenario. The black dot-dashed
curve marks the region where the freeze-out occurs in
the kination scenario, lying to the left of the curve. We
also show a portion of the region Tkin & mχ, where the
freeze-out occurs in the standard scenario.
The numerical evaluation has been carried out by com-
puting the value of X at some later time Tfix  Tkin in
Eq.(19) well into radiation-domination, using the conser-
vation of entropy after Tfix to obtain the present abun-
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FIG. 2. The present WIMP relic abundance for different val-
ues of 〈σv〉 (see figure labels), and for different values of the
branching ratio: b = 0 (red dot-dashed line), b = 0.001 (blue
solid line), and b = 1 (green dashed line), as a function of Tkin.
The horizontal dashed line shows the measured dark matter
abundance ΩDMh
2 ∼ 0.12. The vertical yellow band defines
the region excluded by BBN considerations, Tkin ≥ 5 MeV.
Freeze-out occurs in the kination scenario in the region to the
left of the black dot-dashed curve.
dance of WIMPs. To better understand the physics be-
hind the Boltzmann equation for the evolution of nχ, we
estimate the value of Xfix depending on the dominating
mechanism of WIMP production. According to the val-
ues of b and 〈σv〉, four possibilities appear, namely:
• Mechanism 1: Thermal production with
chemical equilibrium (“freeze-out”). We first
focus on the case b = 0, corresponding to the neg-
ligible decay with respect to the annihilation into
standard model particles and approximated by the
red dot-dashed and blue solid lines in Fig. 2. We
assume that the temperature Tkin is lower than the
freeze-out temperature Tf.o, which is defined as the
temperature at which n〈σv〉 = H, or
nEQ(Tf.o) =
(
Tf.o
Tkin
)4
H(Tkin)
〈σv〉 . (20)
However, in modified cosmologies where the ex-
pansion rate is faster than during radiation (such
as kination), WIMP annihilation persists even af-
ter the departure from chemical equilibrium (i.e.
freeze-out) has occurred, actually ceasing when
the Universe transitions to the standard radiation-
dominated scenario [78]. For this reason, the
5WIMP number density in the kination cosmology
is not fixed at Tf.o and annihilation continues until
the temperature drops to Tkin. We assume that the
freeze-out is reached at xf.o., when X(xf.o.) = Xf.o..
At later times, using the approximation in Eq. (18)
and the non-relativistic regime for the WIMPs,
Eq. (13) reads
X ′ = −ρkin〈σv〉
Γφmχ
X2
x
√
ΦI
, (21)
whose solution at x > xf.o. give the abundance of
thermally produced WIMPs at Tkin as
Xkin,Th =
[ 〈σv〉T 2kin√
ΦI
MPl
mχ
(
ln
xkin
xfo
+ 1
)
+
1
Xf.o.
]−1
, or,(22)
nkin,Th =
[ 〈σv〉T 2kinMPl
ρkin
(
ln
xkin
xfo
+ 1
)
+
x3kin
x3f.o.
1
nχ,f.o.
]−1
.(23)
This expression has been obtained, for exam-
ple, in Ref. [77], since during kination a3IHI =
a3kinH (Tkin). Neglecting Xf.o. and setting Tfix =
Tkin in Eq. (19), the present abundance from the
freeze-out mechanism gives
Ωχ,Th =
gS(T0)
gS(Tkin)
ρkin
ρc
mχ
〈σv〉
T 30
MPlT 5kin
(
ln
xkin
xfo
+ 1
)−1
∝ 1
Tkin
.
(24)
The solution describes, for example, the lines with
negative slopes in Fig. 2 for b = 0 and for the
cross sections 〈σv〉 = 2 × 10−6 GeV−2, 〈σv〉 =
2 × 10−9 GeV−2, and 〈σv〉 = 2 × 10−12 GeV−2. In
Fig. 2, we have not approximated the numerical
results by neglecting Xf.o..
• Mechanism 2: Thermal production without
ever reaching chemical equilibrium (“freeze-
in”). If the cross section is sufficiently low [77],
WIMPs never reach thermal equilibrium and their
number density freezes in at a fixed quantity. Since
the number density of particles is always smaller
than their value at thermal equilibrium, we neglect
X  XEQ so Eq. (13) with b = 0 reads
X ′ =
ρkin〈σv〉
Γφmχ
(
X2EQ
)
x
√
ΦI
= d1x
11/4 exp
(
−2d2x3/4
)
, (25)
where
d1 =
g2〈σv〉m4χT 3kin
(2pi)3ΓφρkinΦ
1/8
I
, and d2 =
mχ
TkinΦ
1/8
I
. (26)
The solution to Eq. (25) reaches the asymptotic
value of X at freeze-in
Xkin,f.i. =
d1
d52
=
g2〈σv〉T 8kin
√
ΦI
(2pi)3Γφρkinmχ
, (27)
which is reached when xfi = (6/11d2)
4/3. This solu-
tion differs from the similar case of WIMP freeze-in
studied in Ref. [77], because of the different depen-
dence of the temperature on the scale factor in this
work. However, the methodology used is qualita-
tively the same. In principle, the number density
in a comoving volume is fixed prior Tkin, depending
on the branching ratio of the φ field into radiation
and the consequent entropy conservation during ki-
nation. However, we can safely set Tfix = Tkin
into Eq. (19) for this estimate, since the comov-
ing number of WIMPs is conserved after freeze-in
and Xfix = Xkin,f.i.. The present WIMP abundance
from the freeze-in mechanism is then
Ωχ,f.i. =
gS(T0)
gS(Tkin)
g2〈σv〉T 30 T 5kin
(2pi)3Γφρcmχ
∝ T 3kin. (28)
The solution describes, for example, the lines
with positive slopes in Fig. 2, for b = 0 and the
cross sections 〈σv〉 = 2 × 10−12 GeV−2, 〈σv〉 =
2× 10−15 GeV−2, and 〈σv〉 = 2× 10−18 GeV−2.
• Mechanism 3: Non-thermal production
without chemical equilibrium. We now dis-
cuss the non-thermal production of dark mat-
ter, in the case in which the particle has never
reached the chemical equilibrium. For a sufficiently
large branching ratio b and for Tkin  mχ, the
abundance of dark matter is set by the decay of
the φ field, with an energy density at Tkin given
by [53, 55, 58, 61, 63, 81]
ρχ(Tkin) ≈ b ρφ(Tkin). (29)
Deriving the result from directly integrating
Eq. (13) with 〈σv〉 = 0 and neglecting the con-
tributions from R and X in the denominator gives
an extra logarithmic dependence on xkin, as
Xkin,decay = b
√
ΦI ln
xkin
xI
. (30)
The present WIMP abundance when the non-
thermal production dominates is given by Eq. (19)
with Tfix = Tkin, corresponding to the moment at
which WIMPs are produced from the decay of the
φ field with the initial amount in Eq. (29),
Ωχ,decay =
bρkin
ρc
gS(T0)
gS(Tkin)
(
T0
Tkin
)3
ln
xkin
xI
. (31)
This latter expression predicts the behavior
Ωχ,decay ∝ Tkin corresponding to b = 1 (green
dashed line) or b = 0.001 (blue solid line) with
〈σv〉 = 10−18 GeV−2 in Fig. 2, for Tkin . 10 GeV.
Notice that, except for the logarithmic dependence
which is present in the kination cosmology, the
result in Eq. (30) is independent of the cosmology
used.
6• Mechanism 4: Non-thermal production with
chemical equilibrium. If the branching ratio b is
sufficiently high, the evolution of the WIMP num-
ber density attains a secular equilibrium in which
the rate at which WIMPs are produced from the
decay of the φ field equates that from WIMP anni-
hilation. In this regime, the quantity X is fixed to
the value obtained by setting to zero the right-hand
side of Eq. (13),
Xkin,sec =
√
bΦIΓφmχ
ρkin〈σv〉 . (32)
The result in Eq. (32), confirmed numerically in
Fig. 3 below, can be alternatively derived by con-
sidering the balancing between the decay rate of
the φ field into WIMPs and the annihilation rate
of WIMPs, valid at Tkin when ρφ = ρkin, as
(mχ nχ) (〈σv〉nχ) = bΓφρφ. (33)
The value of Xkin,sec remains constant until Tkin,
without experiencing the additional depletion ob-
tained in the freeze-out regime with a faster-than-
radiation expansion rate [77, 78]. However, when
the temperature of the plasma falls below Tkin, the
secular equilibrium is no longer maintained since
the energy density in the φ field drops to zero
and WIMPs are no longer produced. In this new
regime, radiation evolves as R(x) = ΦI (x/xkin)
2
and Eq. (13) reads
dX
d(x/xkin)
= −ρkin〈σv〉
Γφmχ
X2(
x
xkin
)2√
ΦI
, (34)
which gives the WIMP number density X =√
ΦIΓφmχ/〈σv〉ρxkin when x  xkin, correspond-
ing to the number density nχ = Γφ/〈σv〉. Compare
Eq. (34) with the approximation in Eq. (25) valid
during φ-domination and b = 0, the expression for
Eq. (34) has been obtained by replacing ρφ with ρR
as the leading term in the expression for the Hubble
rate. The present abundance is expressed as
Ωχ,nonTh =
mχΓφ
ρc 〈σv〉
gS(T0)
gS(Tkin)
(
T0
Tkin
)3
∝ 1
Tkin
. (35)
IV. DISCUSSION AND SUMMARY
In Fig. 3, we summarize the results obtained by con-
sidering the behavior of the quantity X solution to the
Boltzmann Eq. (13) for Tkin = 100 MeV, mχ = 100 GeV,
and for different values of b and 〈σv〉 so that each of the
mechanisms discussed above is attained. In more detail,
we consider b = 0, 〈σv〉 = 2 × 10−12 GeV−2 (describing
thermal production with chemical equilibrium or Mecha-
nism 1, red line), b = 0, 〈σv〉 = 2×10−18 GeV−2 (describ-
ing thermal production without chemical equilibrium or
Mechanism 2, orange line), b = 2 × 10−4, 〈σv〉 = 2 ×
10−18 GeV−2 (describing non-thermal production with-
out chemical equilibrium or Mechanism 3, green line),
and b = 2×10−4, 〈σv〉 = 2×10−9 GeV−2 (describing non-
thermal production with chemical equilibrium or Mecha-
nism 4, blue line). The black solid line in Fig. 3 represents
XEQ for Tkin = 0.1 GeV. In addition to the thermal mech-
���
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�
�
FIG. 3. The solution to the Boltzmann Eq. (13) for differ-
ent values of the annihilation cross section. We have set
Tkin = 100 MeV and, when non-thermal production is con-
sidered, b = 2× 10−4. See text for further details.
anisms of production recently discussed in Refs. [77, 78],
we have included the possibility that the field φ respon-
sible for the kination period decays into radiation and
WIMPs. We have then studied the non-thermal produc-
tion of WIMPs in the kination cosmology, as summarized
in Fig. 2. Given the value 〈σv〉std = 2 × 10−9 GeV−2
that gives the present abundance of DM from the freeze-
out of WIMPs in the standard cosmology, Fig. 2 shows
that larger values of 〈σv〉 can still lead to the right DM
abundance, if WIMPs are produced either through Mech-
anisms 1 or Mechanism 4 during the KS. Similarly, we
can have 〈σv〉 smaller than its standard value and still
have the correct amount of DM, if WIMPs are produced
through Mechanism 2. Non-thermal production without
chemical equilibrium (Mechanism 3) would lead to the
correct amount of DM only for values of Tkin that are
excluded by the BBN considerations. Using the bound
Tkin & 5 MeV, we infer the possible range of the param-
eter
4× 10−16 GeV−2 . 〈σv〉 . 2× 10−5 GeV−2, (36)
the lower bound being obtained by using Mechanism
2 and the upper bound being given by Mechanism 4
with b = 1. This result is valid for a WIMP of mass
mχ = 100 GeV. If WIMPs annihilate predominantly into
7a pair of photons, the annihilation cross section is bound
by the recent measurements by the FERMI-Large Area
Telescope satellite [82] as 〈σv〉 . 10−10 GeV−2. However,
notice that the cross section constrained in Eq. (36) refer
to different epochs with respect to the constraints by the
FERMI satellite.
The dependence of the solution on the parameters b,
〈σv〉, and mχ is also depicted in Fig. 4, where the top
panel shows how the relic density Ωχh
2 depends on the
value of 〈σv〉 for b = 0, Tkin = 1 GeV and for different
values of the WIMP mass: mχ = 100 GeV (red line),
mχ = 200 GeV (orange line), mχ = 500 GeV (green
line), and mχ = 1000 GeV (blue line). This result, cor-
responding to the usual thermal production during ki-
nation [77], shows that the correct relic density can be
attained through either the freeze-out mechanism, for
〈σv〉 ∼ 10−10 GeV−2, or the freeze-in mechanism, for
〈σv〉 ∼ 10−21 GeV−2, the exact values depending on the
values of mχ and Tkin. The new result is presented in
the bottom panel of Fig. 4, which shows the dependence
of the present relic density on 〈σv〉, for mχ = 100 GeV
and for different values of the branching ratio. We set
b = 10−11 (red line), b = 10−8 (orange line), b = 10−5
(green line), and b = 10−2 (blue line). For a fixed
value of b, the relic density reaches a constant value
when the the quantity 〈σv〉 is decreased, since for a suffi-
ciently low value of 〈σv〉 the production of WIMPs from
the decay of the φ field overcomes the depletion within
the freeze-in mechanism. In other words, when Ωχh
2
has reached a plateau, the number of WIMPs has been
fixed by the details of Mechanism 4. For b > b¯, the
value of this plateau is too large to explain the observed
amount of dark matter, with a consequent overclosure
of the universe. For the parameters chosen, we find
b¯ = 3 × 10−10. In this scenario, only values of the or-
der of 〈σv〉 = O (1− 10) 〈σv〉std yield the correct value
of Ωχh
2.
To summarize, if the DM is a WIMP of mass mχ =
100 GeV, and if the annihilation cross section is measured
to lie outside of the bound in Eq. (36), then the kination
model discussed would have to be discarded. The same
analysis can be performed by varying the masses of the
WIMP and of the φ field, which would lead to differ-
ent values of the bounds in Eq. (36). The results pre-
sented have been obtained assuming a kination scenario
with equation of state pφ = ρφ; anyhow, any faster-than-
radiation expansion rate for the background, described
by a fluid with with equation of state pφ/ρφ > 1/3 would
yield to results that are qualitatively similar, as shown in
Ref. [78] for the case Γφ = 0. If ever discovered, the prop-
erties of the WIMP could then shed light on the pre-BBN
cosmology.
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